Background: Bone marrow-derived mesenchymal stem cells (BM-MSCs) are multipotent stroma cells which can provide a potential therapy for diabetes mellitus. But the mechanism is still controversial. Also, the status of BMMSCs under hyperglycemia is not known. In the present study, we investigated the status of BM-MSCs in experimental-diabetic rat and demonstrated the rescue of experimental diabetes by diabetic MSCs transplantation. Methods: BM-MSCs were cultured and the potential of multiple-differentiation was identified through induction into osteoblasts. MSCs of passage 3 were used for the following experiment. The MSCs were labeled with 5-bromo-2 -deoxyuridine (BrdU). Diabetes in rats was induced by STZ injection. The rats were divided into three groups: normal control group (no DM, rats treated with saline through tail vein, n=10); DM control group (DM, no transplantation of MSCs, n=20); experimental group (DM and transplantation of MSCs, n=20). Body weight and blood glucose of the rats were monitored during the experiment after transplantation of MSCs. Paraffin sections of pancreas were obtained from rats of each group. Immunohistochemistry analysis and double immunofluorescence were used to detect the BM-MSCs in the pancreatic tissue and their differentiating state.
Results: MSCs were 89.5% labeled by BrdU and DAPI, which was green/blue double stained under fluorescent microscopy. Transplantation of diabetic MSCs resulted in a reduction of hyperglycemia on day 45 in experimental diabetic rats compared with control rats (17.7 mM ±3.9 vs 27.8 mM ± 2.1, P < 0.05), There was also a difference between MSC-treated experimental diabetic rats and control rats in body weight (232.7 g ±19.7 vs 133.3g ±13.1, P < 0.05). Histological and morphometric analysis of the pancreas of experimental diabetic rats showed the presence and differentiation of transplanted MSCs into insulinproducing cells which evidenced by double-staining of anti-BrdU and insulin. Also, there were many small islets throughout the sections. Their mean area and diameter analysis revealed that they were smaller thancontrol islets (1835.7 ± 175.8 m 2 vs 13257.2 ± 1457.6 m 2 ; 43.5 ± 3.7 m vs 119.9 ± 5.8 m, respectively, P < 0.05). Conclusion: Allogeneic MSCs transplantation can reduce blood glucose level in recipient rats. A relatively small quantity of transplanted diabetic MSCs survive and transdifferentiate into insulin-producing cells in the pancreas of recipient rats. Upon transplantation these cells initiate endogenous pancreatic regeneration by neogenesis of islet of recipient origin. The present study demonstrates that diabetic MSCs retains its stemness and potential to induce pancreatic regeneration on transplantation.
Reduction of cell mass in the pancreas is the hallmark of the development of both type 1 and type 2 diabetes. Regeneration and maintenance of pancreatic endocrine tissue after the onset of islet destruction would have considerable therapeutic impact on diabetes mellitus (DM).
Bone marrow (BM) is a complex tissue containing hematopoietic progenitor cells and a connective-tissue network of stromal cells. Marrow stroma includes a subpopulation of undifferentiated cells that are capable of becoming one of a number of phenotypes, including bone and cartilage, tendon, muscle, fat, and marrow stromal connective tissue that supports hematopoietic cell differentiation. 1, 2 These cells are referred to as mesenchymal stem cells (MSCs), since they have the capacity of proliferation and differentiation into the mesenchymal lineage. Due to their potential for differentiation into different tissues, MSCs have emerged as a promising tool for clinical applications such as tissue engineering and cell therapy. [3] [4] [5] Some recent evidence suggests the possibility that BM cells differentiate into islet cells. [6] [7] [8] [9] and it is proposed that the cell types in the BM responsible for pancreatic endocrine differentiation are MSCs. 7, 8 However, the role of BM-derived cells in cell replacement is controversial. Other reports 10, 11 have contradictory findings that suggest that BM cells could be "feeder" cells for islet differentiation, proliferation, and vascularization 12 but they do not differentiate into cells. 13 Zorina et al. suggest that BM cells contribute to pancreatic cell regeneration. 14 Slack 15 noted that the failure of regeneration following treatment with streptozotocin (STZ) or alloxan suggests that these drugs target the potential stem or transit cells as well as the differentiated cells. On the contrary, Guz et al. have shown that STZ does not destroy the intra-islet stem cell reserve in experimentaldiabetic subjects. 16 However, the stem-cell activity of MSCs under the influence of sustained hyperglycemia is questionable. We investigated the status of MSCs in STZ-diabetic rats with respect to their capacity of transdifferentiation and inducing regeneration. We designed this experiment to observe the outcome of labeled MSCs from STZ-diabetic rat in recipient diabetic rats after allogenic transplantation.
Materials and methods

STZ-induced diabetes in Wistar rats
Male Wistar rats (Laboratory Animal Center of Shandong University), weight c. 200g, were injected with 60 mg/kg STZ (Sigma) by tail vein. STZ was solubilized in sodium citrate buffer, pH 4.5, and injected within 15 min of preparation. Blood was drawn from the tail vein and blood glucose was measured between 8:00 and 10:00 AM, weekly from day 3 to day 45 with a blood glucose meter (Lifescan Inc.). The rats were maintained under sterile conditions, and all animal work was carried out under protocols approved by the Laboratory Animal Care and Use Regulations of Shandong University.
Isolation and culture of bone marrow mesenchymal stem cells
Bone marrow MSCs were isolated as described previously. 17 Diabetic Wistar rats were anesthetized with intraperitoneal sodium pentobarbital (30mg/kg). Femurs and tibiae of rats were collected and adherent soft tissue was carefully removed. Bone marrow cells were flushed from the medullary cavities of femurs and tibiae and disaggregated into a single-cell suspension by sequential passage through a 25-gauge needle. Mononuclear cells were separated by density-gradient centrifugation over Ficoll-Paque ( =1.077) at 1100g for 30 min. Cells were rinsed twice with PBS to remove Ficoll-Paque and then plated in T-25 flask. The cells were cultured in Dulbecco's modified Eagle's medium-low glucose (DMEM-LG, Gibco) containing 10% fetal bovine serum (FBS, Gibco).
Three days later, non-adherent cells were removed by changing the medium. and every third or fourth day thereafter. After 10～14 days in culture, adherent Adherent cells were passed with 0.25% trypsin (Gibco) for 5min, rinsed with serum-containing medium to remove residual trypsin, collected by centrifugation at 1200rpm for 5min, and seeded into fresh flasks 1-3 split. The culture medium was changed every 3-4 days and the passages 2-4 MSCs were used for the following studies.
Osteogenic differentiation of MSCs
Multipotentiality of the resulting cells was verified with the use of in vitro assays to differentiate into osteoblasts(alizarin staining). Cells were seeded following trypsinization into 6-well tissue culture-treated plates and grown to confluency. Differentiation was started by adding complete medium containing 0.1 M dexamethasone, 0.2 mM vitamin C and 50 mMglycerolphosphate. After 14 days, cells were fixed in 4% paraformaldehyde and stained with a solution of 1% alizarin red. Cells were photographed under an inverted microscope.
Labelling of the MSCs
The MSCs were labeled in vitro for later identification by adding 10μg/mL 5-bromo-2 -deoxyuridine (BrdU, Sigma) containing media to 70% confluent cultures for 48h. 18 At the completion of the incubation period, the cells were harvested from culture flask using 0.25% trypsin solution, and rinsed twice with phosphate-buffered saline (PBS), then resuspended to a concentration of 2-4 10 6 bone marrow MSCs in 1mL of culture medium.
Total body irradiation and MSCs transplantation
In order to destroy the stem cell niche of bone marrow of the recipient STZ-diabetic rat, they were subjected to total body irradiation with a dose of 900 rads from a 60 Co source. Recipient rats (diabetic, irradiated) were transplanted intravenously through tail vein approximately 2-4 10 6 labelled bone marrow MSCs per rat. And the same volume of saline was injected into diabetic control rats.
Histological and morphometry analyses
At 45 days, the number of survived rats without administration of insulin in normal control group, DM control group and experimental group was 9, 8, and 12 respectively. For tissue section analysis, animals were anesthetized and perfused intracardially with 4% paraformaldehyde/PBS. The distal portions of pancreases were dissected and further fixed in 4% paraformaldehyde at 4°C for 24 h. Fixed tissues were washed once in PBS, then processed for paraffin embedding. Three sections per animal were stained with hematoxylin/eosin to allow the assessment of pancreatic islet morphology after STZ treatment and subsequent transplantation.
Immunohistochemistry staining for insulin was performed as follows: The sections were deparaffinized, immersed in 3% H2O2 to quench endogenous peroxidase activity, and microwaved in 10 mM sodium citrate (pH 6.0) for 15 min for antigen retrieval. Then, avidin and biotin were applied to eliminate endogenous biotin-related background staining. The sections were incubated with primary antibodies (1:100, Cell Signaling) at 4 overnight and incubated with rabbit anti-rat secondary antibody (1:100, Santa Cruz) for 1 hour at room temperature. The slides were washed and visualized using the Vectastain Elite ABC Kit (Vector Labs) with 3'3 diaminobenzidine tetrachloride (DAB, Boehringer-Mannheim Inc.).
Immunofluorescence for labeled MSCs and pancreatic tissue: Three sections per animal were selected for the measurement of insulin-BrdU-positive cells in the pancreas. The sections were immunostained with rabbt anti-insulin(1:100, Cell Signaling), mouse antiBrdU (1:100, Neomarkers), goat anti-rabbit IgG-TRITC(1:100, Kpl) and goat anti-mouse IgG-FITC (1:100, Kpl). For BrdU staining, cryosections were pretreated with 1N HCL for 1 hour at 37 to denature DNA. The nuclear regions of MSCs were 
Statistical Analyses
For statistical analysis, SPSS (Version 10.0, SPSS Inc) was used. Differences among groups were determined with one-way ANOVA analysis. Differences between specific groups was performed with Student's t test. Differences were considered significant at P < 0.05.
Results
Isolation, differentiation and labeling of MSCs
The isolated MSCs had a fibroblastlike shape, attached to the culture dish tightly, and proliferated in the culture medium (Fig 1A) . For the differentiation assay, osteogenic differentiation, evidenced by the formation of mineralized matrix, is shown as alizarin red staining (Fig. 1B) . Before transplantation, the nuclei of MSCs were labeled with BrdU for 48 h, and 89.5% (n＝3) of the cultured MSCs were stained positively with BrdU and DAPI (Fig. 1C) .
Effect of STZ and MSCs transplantation on blood glucose of rat
STZ was used to produce diabetes in Wistar rat. About 60mg/kg STZ were administered to the rats (Scheme). At the 3rd day after STZ administration, blood glucose levels increased from normal levels (4.3 mM ± 0.8) to severe hyperglycemic levels (24.8 mM ± 5.7). STZ-induced diabetic rats, which had non-fasting glucose levels of ＞13.9 mM/L for 14 consecutive days, were selected for further experiment. Some STZtreated rats were randomly selected for sublethal irradiation and used as recipients. The effect of injections of MSCs is described in Fig. 2 . The diabetic control rats weighed less on days 45 than normal controls (133.3g ±13.1 vs. 358.83g ±21.6, P < 0.05). There was a difference in body weight between diabetic control rats and MSCs-treated experimental diabetic rats on day 45 (133.3g ±13.1 vs 232.7 g ±19.7, P < 0.05), Fig 2A. Reduction in hyperglycemia was found among the experimental group of rats whereas the diabetic control group of rats remained hyperglycemic throughout the experiment(17.7 mM ±3.9 vs 27.8 mM ± 2.1, P < 0.05), Fig 2B .
Effect of STZ and MSCs transplantation on the pancreas of rat
Pancreases from the STZ-diabetic rats showed fewer islets, altered islet morphology (Fig. 3A) , less rat insulin immunoreactivity (Fig. 3 .B and C), and a decreased number of islets per section (Fig. 3D) . In pancreases from MSC-treated diabetic rat, many islets appeared small compared with islets from untreated diabetic rat (Fig. 3A) . Also, the islets had an increase in insulin immunoreactivity ( Fig. 3 B and C) , and there was an increase in number of islets per section (Fig. 3D) . Many of the islets in the MSC-treated diabetic rats appeared to bud off the pancreatic ducts, suggestive of new islet formation. (Fig. 3B) . Image analysis of normal control as well as newly generated islets has been performed with paraffin sections of pancreas. The mean area of control islets was 13257.2 ± 1457.6 m2 whereas the mean area of newly generated islets was 1835.7 ± 175.8 m 2 . Mean diameter of control islets was 119.9 ± 5.8 m whereas, for newly generated islets, it was 43.5 ± 3.7 m. Thus, the values for islet area as well as diameter of control islets were higher than those of newly generated islets.
Transdifferentiation of transplanted MSCs in recipient pancreas
A small number of transplanted MSCs were detected around and inside the islets of the MSC-treated diabetic rat by labeling sections with antibodies to BrdU (Fig. 4B) . A few of the cells labeled for BrdU colabeled with insulin antibodies which means that a few of the transplanted MSCs have transdifferentiated into insulin-producing cells (Fig. 4C) . Without transplantation of MSCs, no transplanted MSCs were detected in islets of diabetic control rats that had received saline (Fig. 4) .
Discussion
This study demonstrated that a small amount of allogeneic MSCs from STZ-diabetic rats homed to the injured pancreas and survived after transplantation. Two aspects of the observations are remarkable: the ability of MSCs homing to the pancreas; and the ability of transplanted MSCs to repair the injured panDong et al. Stem cell transplantation creas by transdifferentiation into islet cells and inducing islet regeneration.
We found some transplanted labeled MSCs in the pancreas of receipient rats which suggests selective homing of MSCs to the pancreas. MSCs have the ability to migrate. [19] [20] [21] [22] [23] Of particular interest for tissue remodeling, intravenous delivery of MSCs resulted in their specific migration to the site of injury. [19] [20] [21] This ability of implanted MSCs to seek out the site of tissue damage has been demonstrated in bone or cartilage fractures 24 , myocardial infarction 21 , and ischemic cerebral injury. 19 Sordi V et al. 25 provided evidence that BM-MSCs are attracted by pancreatic islets in vitro and in vivo, and confirmed that CXCL12 and its ligand CXCR4 play an important role in homing. In all, the ability of pancreatic islets to attract BM-MSCs suggests a potential role for these cells in cell replacement.
In the present study transplantation of MSCs from diabetic rats reduced blood glucose and prevented further rise in blood glucose in experimental-diabetic rats. This suggests that the diabetic BM-MSCs retain their stem-cell activity. Histological examination of rat pancreas suggested that BM-MSCs from STZdiabetic rats initiates pancreatic regeneration upon transplantation into recipient experimental-diabetic rats. Pancreatic regeneration was evidenced by the appearance of many small islets. Several of these small islets were found near the pancreatic ducts that are the source of islets during early development of the pancreas. 26 On the other hand, A few of the transplanted MSCs could transdifferentiate into insulinproducing cells evidenced by costaining with antiBrdU and insulin. We believe that the major effect of the MSCs treatment was to increase the number of islets and insulin-producing cells, but we cannot exclude the effect of MSCs transdifferentiation. These two aspects may contribute together to the cellular mechanism and physiological relevance of BM-MSCs for the restoration of tissue function after pancreatic injury. Thus, the effects of the MSCs may be similar to the recent observations that MSCs implanted into the dentate gyrus of the hippocampus of immunodeficient mice enhanced proliferation, migration, and neural differentiation of the nearby endogenous mouse neural stem cells. 27 We found that transplantation of MSCs, although helping to reduce blood glucose and preventing further blood glucose increase in experimental-diabetic rats, is insufficient to restore normoglycemia. The main reason is that only a very small percentage of the infused cells are seen in the injured pancreas 21 Although several reports underline the ability of MSCs to migrate. 19, 20 suggesting that CXCR4 and related receptors were important in the trafficking of MSCs. However, this type of trafficking action is not strong enough to attract more MSCs to reside in the injured pancreas. The present study was not designed to analyze the ability of the transfused cells homing to injured tissue. In future studies harnessing the migratory potential of MSCs by modulating their chemokinechemokine receptor interaction may be a powerful way to enhance the effect of tissue repair after MSCs transplantation.
The therapeutic utility of bone marrow transplantation in diabetic patients to overcome deficient -cell population is an attractive proposal. The data provided in our experiment may allow treatment of diabetes via a stem cell therapy approach. MSCs are readily obtained from a diabetic patient and rapidly multiply in culture so that it is feasible to administer very large numbers of autologous cells. A further attractive feature of MSCs is that they were tested in clinical trials and provided promising results without any apparent toxicity in patients. [28] [29] [30] [31] BM-MSCs from the DM patient himself may serve as a constant potential autologous source for cell therapy for DM.
